Regenerative medicine by cell transplantation is a novel therapy for treating end-stage organ failure and tissue damage. Cell-based therapy based on the transplantation of neural stem/progenitor cells (NSPCs) represents an attractive strategy for the treatment of neurodegenerative diseases, but obtaining large numbers of these cells is difficult and their differentiation potential is strictly restricted in a spatiotemporally-regulated manner during central nervous system (CNS) development. Therefore, embryonic stem cells and induced pluripotent stem cells represent an attractive alternative for cell-transplantation therapy in regenerative medicine. The direct reprograming of astrocytes into neurons is also under investigation as another approach. However, these alternative approaches are hampered by the current lack of selective and efficient differentiation methods and transplanted cell tumorigenicity.

Mesenchymal stem/stromal cells (MSCs) have drawn attention as a source of various regenerative factors. For instance, TNF-α-stimulated protein 6 (TSG-6), monocyte chemoattractant protein-1 (MCP-1), and the ectodomain of sialic acid-binding Ig-like lectin-9 (Siglec-9) are anti-inflammatory factors secreted by MSCs (Lee et al., 2009; Matsubara et al., 2015). However, despite many reports describing the trophic effects of MSCs, no critical regenerative factors have been identified. In a recent study, we identified growth differentiation factor 6 (Gdf6; also known as Bmp13 and CDMP-2), a member of the transforming growth factor-β (TGF-β) superfamily, as a regenerative factor secreted by young MSCs (Hisamatsu et al., 2016). Upregulation of Gdf6 restored the differentiation capacity of old MSCs *in vitro* and exerted beneficial effects *in vivo* on age-associated pathologies of multiple tissues, including the decline in neurogenesis and reduction in the number of Sox2-positive (Sox2^+^) neural progenitors and doublecortin (dcx)^+^ neuroblasts (**[Figure 1](#F1){ref-type="fig"}**).
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Upregulation of Gdf6 in old mice reverses geriatric disorders in multiple tissues, such as age-related deterioration of neurogenesis, lymphopoiesis, muscle repair capacity, and chronic inflammation. SASP: Senescence-associated secretory phenotype.](NRR-11-1746-g001){#F1}

**miR-17 overexpression reverses the age-related functional disorders of MSCs**: Senescent cells secrete various inflammatory cytokines, chemokines, and proteases, a phenotype termed the senescence-associated secretory phenotype (SASP) (Coppe et al., 2008). Although MSCs are a well-known source of various secretory factors, the changes that occur in the secretory properties of MSCs with age remain largely unclear. Therefore, we decided to compare the secretion profiles of purified MSCs (CD45^--^, CD31^--^, Ter119^--^, Pdgfra^+^ and Sca-1^+^) that were isolated from young (2--3 months) and old (\> 18 months) mice. Old MSCs expressed higher levels of representative inflammatory factors, such as interleukin 6, Gro1, and Gmcsf, and exhibited significant changes in the expression of several growth factors, as well as a decline in osteogenic and adipogenic differentiation potential and upregulation of a representative cellular senescence marker p21 and senescence-associated β-galactosidase activity (SA-β-gal). To obtain a global view of the expression profiles, we performed microarray and microRNA (miRNA) quantitative PCR (qPCR) array analyses of young and old MSCs. We identified secretary factors that were highly upregulated in young MSCs and downregulated in old MSCs. Consistent with previous reports, expression of miR-17 family members (miR-17, -18a, -19a/b, -20a/b, -25, -93, -92a, -106a/b, and -363) was downregulated in old MSCs. miRNA, a member of the non-coding family of RNAs with a typical length of 21--25 nucleotides, regulates gene expressions at the post-transcriptional level by binding to the 3′-untranslated regions of target mRNAs. In our previous reports, we identified miR-17 as a key regulator of the neurogenic-to-gliogenic transition in developing NSPCs (Naka-Kaneda et al., 2014) and demonstrated that its overexpression inhibited the acquisition of gliogenic competence and restored neuropotency in developmental stage-progressed gliogenic NSPCs. However, the effects of miR-17 on age-related changes in MSC properties remained unclear. As observed in NSPCs, we found that miR-17 overexpression restored the osteogenic and adipogenic potential of old MSCs. Moreover, transplantation of miR-17-overexpressing old MSCs *via* intravenous injection attenuated age-dependent loss of B cells and improved the aged-associated myeloid skewing phenotype. Moreover, the transplanted cells were engrafted in lungs, but not in bone marrow, where is the place for hematopoiesis by hematopoietic stem cells, consistent with previous study (Lee et al., 2009; Mabuchi et al., 2013). Therefore, we hypothesized that the beneficial effect of MSC transplantation on lymphopoiesis was due to a secretory factor derived from the transplanted miR17-overexpressing MSCs.

**Gdf6 ameliorates age-related pathologies in brain**: To identify the critical secretory factors that restored lymphopoiesis in the MSC-transplantation experiments, we compared the gene expression profiles of young, old and miR-17-overexpressing old MSCs by microarray analyses in combination with Gene Ontology analyses. The results revealed 13 factors whose expression was restored by miR-17 overexpression in old MSCs. To evaluate these factors further, we generated conditioned media (CM) produced from 293T cells expressing each candidate factor and used them to determine which factor was specifically responsible for the restoration of lymphopoiesis by adding each one individually to osteogenic differentiation media. As a result, Gdf6 was identified as an osteogenesis-promoting factor in old MSCs. We also confirmed that Gdf6 expression depended on miR-17 expression by performing a loss-of-function experiment of miR-17 and its prologs miR-106a/b using a RNA decoy inhibitor.

Next, to confirm that Gdf6 was responsible for the restoration of lymphopoiesis in aged mice transplanted with old MSCs overexpressing miR-17, we transduced human GDF6 (hGDF6) into 20-month-old mice by intraperitoneal lentivirus injection. The lentivirus infected cells in the peritoneum, subcutaneous adipose tissue, and a part of intestine, but not peripheral blood (PB) cells, and the upregulation of plasma level of hGDF6 sustained over 16 weeks. Although the plasma level of the active form of endogenous Gdf6 increased with age, its level was further increased by hGDF6 overexpression. hGDF6-overexpressing old mice also showed lymphocyte numbers similar to those of young mice.

Recently, GDF11, another member of the TGF-β superfamily, was identified as a regenerative factor that improves age-related pathologies including cardiac hypertrophy, insufficient muscle repair, and reduced neurogenesis (Loffredo et al., 2013; Katsimpardi et al., 2014; Sinha et al., 2014). Accordingly, we confirmed the effects of hGDF6 overexpression on neurogenesis in old brain. Overexpression of hGDF6 was effective in attenuating the age-dependent decrease in Sox2^+^ neural progenitors expressed in wide brain regions, such as the subventricular zone (SVZ) and striatum. Moreover, the number of Dcx^+^ neuroblasts in the SVZ of old mice overexpressing hGDF6 was higher than that in the brains of old control mice, and the improvements in the cerebrovascular networks of hGDF6-overexpressing old mice were similar to those of GDF11-injected mouse brains.

**Gdf6 attenuates age-related pathologies in multiple tissues**: Gdf6 overexpression in old mice had further beneficial effects on other age-related pathologies, such as its ability to increase the muscle repair capacity of tibialis anterior muscles (Hisamatsu et al., 2016). To clarify this effect, we injected cardiotoxin into the tibialis anterior muscles of hGDF6 overexpressing old mice, and evaluated muscle repair capacity by analyzing the formation of embryonic myosin heavy chain-positive (eMHC^+^) mononuclear myoblasts. Moreover, the eMHC^+^ myotubes increased in hGDF6 overexpressing old mice, similarly to the results in young mice.

Previous studies demonstrate that some inflammatory SASP factors are systemically upregulated with age and impair tissue homeostasis. For instance, age-dependent increases in plasma levels of CCL11 and β2-microgloblin impair hippocampal neurogenesis and cognitive function, and C1q-mediated activation of Wnt-signaling impairs muscle repair by causing the dysfunction of skeletal muscle satellite cells (Villeda et al., 2011; Naito et al., 2012; Smith et al., 2015). Therefore, we investigated the plasma levels of various inflammatory factors by using luminex analysis. The results revealed that hGDF6 overexpression reduces plasma cytokine levels including SASP factors such as IL-6, IL1β, and CCL5, indicating that upregulation of hGDF6 suppresses chronic inflammation. Chronic inflammation accelerates systemic aging (Jurk et al., 2014). Taken together, the results suggest that attenuation of chronic inflammation *via* the upregulation of a single factor GDF6 represents a possible mechanism for the repair of age-related pathologies in multiple tissues (**[Figure 1](#F1){ref-type="fig"}**).

**Conclusions**: SASP and stem cell aging constitute two emerging mechanisms for connecting cellular senescence to tissue dysfunction. The study of the age-related changes in the secretory properties of MSCs has provided new insights into the SASP of stem cells. One aspect of SASP, namely upregulation of diverse inflammatory factors, has attracted an inordinate amount of attention; however, downregulation of homeostatic factors equally contributes to the induction of age-related cellular dysfunctions and, in turn, tissue level disorders. Additionally, certain growth factors can compensate for age-related reductions in homeostatic factors and assist in recovery from geriatric disorders; however, despite their potential importance, the nature of the underlying mechanisms remains largely unclear. A better understanding of the mechanisms underlying the regenerative effects of GDF6 in multiple tissues should lead to the development of novel therapeutic agents for the treatment of age-related disorders.
